Abstract: Using freshwater cladocerans as an example, this paper explores the contributions that genetic analyses are making to the field of invasion biology. Most importantly, this approach enables a quantification of the incidence of both recent and past invasions. By determining genetic divergence between European and North American lineages of cladocerans, it is possible to estimate the natural incidence of past exchange between these continents. The results of this analysis establish that the current pace of species invasions is extraordinary; present rates are nearly 50 000 times higher than historical levels. Genetic studies can also exploit molecular markers to localize the points of origin of invaders. Finally, genetic studies are poised to play an important role in monitoring invasions; the DNA bar-coding of life is now simple and rapid enough to enable the development of molecular identification systems.
Introduction
Natural communities are never in equilibrium. Individual species often vary dramatically in abundance through time, and taxon composition shifts as species either become locally extinct or new species invade. However, human activities now play a dominant role, accelerating shifts in biotic composition through planned introductions, accidental invasions, and as a secondary consequence of habitat change (Elton 1960; Williamson 1996) . Unfortunately, efforts to place the recent acceleration in rates of biotic turnover in a broader context are constrained by the limited historical information on the species composition of ecosystems.
Paleolimnological studies have traditionally provided the sole opportunity to study the assembly of communities and the shifts in community structure through time (Gray 1988 ). However, these records rarely span more than 10 000 years and they ordinarily reflect range adjustments linked to local climatic change (Jeppesen et al. 2001) . Other related issues are much more difficult to investigate. For example, paleolimnological studies do not provide the comprehensive information on historical distributions needed to evaluate the role of natural intercontinental dispersal events in the assembly of modern communities. The historical record is also generally inadequate to ascertain the factors that govern whether an invading species is integrated into a community or whether it fails (Ricciardi and Rasmussen 1998; Kolar and Lodge 2001) . However, in the few cases where the fossil record is good, asymmetries of invasiveness are common in cases of secondary contact between isolated faunas, with the dominant faunas ordinarily arising from areas where prior biotic interactions have been more intense (Vermeij 1991a (Vermeij , 1991b .
Most recognized invasions in aquatic ecosystems involve species that are phenotypically deviant from resident taxa. However, it is not clear whether the invasion success of divergent phenotypes is higher or whether cryptic invaders have simply been overlooked. Among those species that are recognized as invaders, there is usually little sense of their precise geographic origins. Given that the arrival of most invaders is recognized well after their introduction, their precise source location is unlikely to be revealed through direct observation. Existing results do suggest an asymmetry of invasion success in the northern hemisphere, with more invaders entering North American than European waters (Ricciardi and MacIsaac 2000) .
Further insights into these aspects of invasion biology, which require historical perspectives, can be gained through an alternate approach-one based upon an examination of genetic diversity. In this perspective we examine three areas in which genetic analyses can provide novel insights concerning invasion biology. We first show that genetic analyses can provide information on the background rate of invasions in aquatic environments. We then review the role that genetic markers can play in clarifying the sources of invading taxa. Finally, we consider the value of genetic markers in detecting cryptic invaders, a critical antecedent to any effort that seeks to determine the impact of phenotypic novelty upon invasion success. To demonstrate the insights that can be gained through genetic analyses, we consider one dominant group of freshwater animals: cladoceran crustaceans. The distributional patterns of these organisms have been well studied and enough genetic work has been completed to provide examples of its utility in clarifying key issues in their invasion biology.
Cladoceran invasions: a historical perspective
Any effort to quantify the impact of human activities in accelerating the pace of species invasions confronts the fact that there is rarely any sense of either the incidence or scheduling of biological invasions in deep time. However, the pathway to progress is clear; it will involve the fusion of classical biogeographical studies with molecular analyses. The geographical distribution of modern species reflects the interplay between dispersal and vicariance events. However, there is a problem: distributional studies rarely provide a definitive indication of the time frame over which the species composing a community were assembled. Biogeographers are unable to verify dispersalist or vicariance models in large measure because it has not been possible to critically evaluate alternate hypotheses concerning the timing of habitat colonization. The solution to this uncertainty lies in the coupling of DNA sequence information with knowledge of sequence divergence rates, thus allowing an estimation of the time frame over which communities were assembled.
What do we know of the frequency of invasions in cladoceran communities? For nearly a century, it was assumed that invasions were frequent because distributional studies suggested that morphologically similar lineages were broadly distributed (Frey 1982) . In fact, many genera and some species were thought to possess global distributions that were linked to their production of diapausing stages. As a result, planktonic cladocerans were long regarded as dispersalists "par excellence" (Mayr 1963 ). This dispersalist view has now been challenged. For example, detailed morphological studies on cladoceran crustaceans have revealed that forms originally grouped as a single taxon represent a complex of allied species (Frey 1987) . Biogeographic studies reveal that many of these species are narrowly endemic as a consequence of low dispersal rates and limited range expansion (Stemberger 1995) . For example, species adapted for polar life have failed to recolonize large areas of the Canadian arctic in the 7000 years since deglaciation (Hebert and Hann 1986) . These biogeographical indications of restricted dispersal are now being coupled with genetic data that provide more details on the extent of contact between crustacean faunas from different geographic regions.
Studies examining the genetic composition of species with Holarctic distributions are critical for any effort that seeks to ascertain the incidence of past intercontinental exchange events in this region. Genetic analyses have provided evidence that the recent exchange of lineages has been commonplace among the few zooplankton species with circumpolar distributions. This fact is signaled by the very limited genetic divergence that exists between members of both the Daphnia pulex complex (Colbourne et al. 1998; Weider et al. 1999 ) and of Holopedium gibberum across the arctic (Rowe 2000) . However, these results contrast with those obtained in comparisons between temperate zone lineages from the same continents. Populations of Sida crystallina from North America and Europe show such deep genetic divergence as to suggest they last exchanged genes some 10-11 million years ago (Cox and Hebert 2001) . Similarly, studies on Holopedium, Polyphemus, and Leptodora have revealed enough genetic divergence between populations from temperate North America and Europe to suggest that they have not exchanged genes for at least 5 million years (Table 1) . These results appear typical; deep genetic divergences are common between "conspecific" lineages of cladocerans from the temperate regions of the two continents (Cerny and Hebert 1999 ). This historical difference in the incidence of gene flow between arctic and temperate zone lineages is likely linked, at least in part, to geographic distance-European and North American polar habitats are in closer physical proximity than their temperate counterparts. However, temperate zone habitats are also sheltered from exchange by the need for potential colonists to survive a polar passage. The key conclusion from these genetic analyses is that such transfers are rare events. In fact, successful intercontinental invasions of the temperate zone are so rare that conspecific lineages from Europe and North America have an average period of isolation of about 7.5 million years (Table 1) . This result provides the temporal perspective required to place the incidence of modern invasions in a historical context.
To estimate the number of species invasions that would be expected to occur over some time interval, one needs to ascertain both the number of potential invaders and the incidence of invasion. In the case of freshwater cladocerans, there are approximately 20 species that occur in Europe, but not in North America (Scourfield and Harding 1966; Margaritora 1985) . If the average gap between exchange events is 7.5 million years, as revealed by the genetic analyses, then there should be one invasion every 300 000 years, given this pool of 20 possible invaders. Yet, over the past 30 years, five planktonic cladocerans (Table 2) have arrived in the Great Lakes from Europe as a result of human activities MacIsaac et al. 2002) . This rate of one new species introduction every six years corresponds to a 50 000-fold increase in the incidence of invasions above background levels.
Invasion forensics
Work over the past 40 years has established that most species are genetically diverse (Lewontin 1974; Avise 1994) . Although much of this diversity occurs within populations, the remainder has a geographic component, either residing among populations in local areas or among regions (Avise 2000) . This hierarchical structuring of variation enables studies that employ gene frequency comparisons to determine the source locale(s) for an invading lineage.
The first investigations on zooplankton invaders exploited regional shifts in gene frequencies at allozyme loci to identify source populations. This approach established that North American populations of the invading cladoceran Bythotrephes longimanus likely originated from Lake Ladoga, Russia (Berg and Garton 1994; Berg et al. 2002) . A similar analytical approach indicated that North American populations of Daphnia lumholtzi derived from Africa rather than Australia (Havel and Hebert 1993) .
Sequencing studies now provide higher resolution than earlier allozyme-based studies.
Although not yet employed on zooplankton invaders, studies of diversity at microsatellite loci will provide an advantage over allozyme analyses because their extreme allelic diversity enhances both the development of regional differentiation and the impacts of founder effects linked to colonization (Estoup and Angers 1998) . Studies of mitochondrial DNA (mtDNA) diversity are also valuable, and the availability of universal primers for certain mitochondrial genes allows the rapid implementation of investigations of virtually any species (Simon et al. 1994 ). In addition, mtDNA sequence diversity arises at a higher rate than for most nuclear markers, so diagnostic alleles are ordinarily present between source populations with even brief histories of isolation (Avise 2000) . Moreover, because of their matriarchal inheritance, mtDNA markers have only one quarter of the effective population size of nuclear genes. As a result, they are particularly prone to the loss of diversity for range expansions resulting from the transfer of a small number of founders.
Although the mitochondrial genome is inherited as a unit, there is substantial variation in the rates of diversification across it (Lynch and Jarrell 1993) . Surveys of sequence diversity at slowly evolving regions such as the ribosomal 12S and 16S genes invariably provide less resolution than studies on faster evolving regions. Cytochrome c oxidase I (COI) is a popular target for analysis because it evolves quickly and it has conserved regions, which enable the use of universal primers (Folmer et al. 1994 ). Other mitochondrial genes, such as NADH dehydrogenase subunits 4 and 5, or the D-loop region, evolve even faster, and because of this, provide superior resolution, but their analysis often requires the design of novel primers.
Although studies examining the extent of regional divergence in mtDNA markers have so far only been completed for a few taxa, available results indicate that most microcrustacean species are composed of divergent lineages. For example, North American populations of Sida americana are separated into four allopatric groups that show an average of 4-7% sequence divergence at the COI gene (Cox and Hebert 2001) . By way of comparison, phylogroups of fish on the same continent rarely show more than 2% sequence divergence (Bernatchez and Wilson 1998) . The results on Sida do not appear anomalous. Studies on other cladocerans (Taylor et al. 1998; Hebert et al. unpublished data) , as well as on the anostracan, Branchinecta paludosa (Cox 2001) , have revealed similar evidence of regional genetic divergence.
Only two studies have so far employed mtDNA analysis to examine the origins of crustacean invaders. MtDNA haplotypes of the cladoceran Cercopagis pengoi indicate that its Baltic populations were derived from the Black Sea rather than the Caspian Sea, and furthermore that this invasion involved a few individuals, or perhaps just a single individual (Cristescu et al. 2001) . The subsequent invasion of the Great Lakes was likely a consequence of the transfer of individuals from the Baltic (Fig. 1) . MtDNA analysis of D. lumholtzi populations ruled out Australia as a source for North American lineages, confirming the conclusions of earlier allozyme studies (Havel et al. 2000) . However, there was insufficient mtDNA divergence between African and Asian populations to enable their discrimination as possible sources without large-scale surveys of mtDNA diversity on both continents. These two cases provide a sense of the range in results that can be expected from the application of single gene analyses-some situations will be clearly resolved, others will only be partially clarified. However, as the ease of surveying different segments of the genome advances, it will be possible to couple the results from several high-resolution mtDNA and nuclear markers to gain an increasingly precise delineation of source populations and the number of individuals involved in successful invasions.
The determinants of invasion success
Most of the species that gain access to new ecosystems soon disappear (Kolar and Lodge 2001) . For example, the crustacean Eriocheir sinensis has been reported from the Great Lakes on several occasions but has never become established (Nepszy and Leach 1973 Note: The calibration from Knowlton et al. (1993) was used to estimate divergence times for the COI mtDNA fragment. mybp, million years before present. Table 1 . Average corrected (Kimura 1980) nucleotide sequence divergence of the mitochondrial DNA (mtDNA) cytochrome c oxidase I (COI) gene and divergence between Eurasian and North American populations of several planktonic crustaceans.
involving conspicuous taxa like this are recognized, often provoking studies that probe the basis of their failure, most failed introductions go undetected. The converse problem is more readily addressed: Are there attributes that distinguish successful crustacean invaders from other species? In fact, the crustaceans that have invaded the Great Lakes do appear to be a select group in two regards. First, their taxonomic composition appears to be skewed: more cladoceran invaders have been reported than copepods, although the latter group is more taxonomically diverse. A key biological attribute that distinguishes cladocerans from copepods is their reliance on cyclic parthenogenesis, which enables new populations to be established from a few or even single propagules. By contrast, sexually reproducing species confront the difficulty of mate location, a substantial challenge when a few invaders are dispersed in a large lake, although clearly not insurmountable as evidenced by the establishment of fishes and molluscs. Whereas this deviance in modes of reproduction may explain the prevalence of cladocerans as invaders, it does not explain why the invading species are themselves so morphologically distinct. Two of the three invading cladocerans recognized from the Great Lakes through morphological studies are not only new genera (Cercopagis, Bythotrephes), but are also members of the only cladoceran family (Cercopagidae) that was previously absent from North America (Bur et al. 1986; MacIsaac et al. 1999) . The other invader recognized by morphological analysis, Bosmina coregoni, was not so taxonomically divergent, but it is the most easily recognized member of its genus (Wells 1970) . Have these species succeeded as invaders because of their morphological divergence from resident taxa or is this dominance of morphological outliers an artifact, reflecting the oversight of morphologically cryptic forms? The resolution of this uncertainty in a systematic fashion is important because it will provide insights into the processes that guide community assembly.
Genetic analyses can be used to screen communities for cryptic invaders. The task begins by identifying sites that are vulnerable to invasion. If cryptic invaders are present at sites exposed to invasion, then genetic studies will reveal organisms in these habitats with a close affinity to nonnative taxa, whereas these same forms will be absent from habitats isolated from invasion. The comprehensive genetic surveys needed to quantify the incidence of cryptic invasions in a systemic fashion have not yet been completed. However, studies have examined two of the dominant cladoceran genera in the Great Lakes and in both cases cryptic invaders were detected. This work revealed that the winter zooplankton fauna of the Great Lakes is now dominated by Bosmina maritima, a European taxon (DeMelo and Hebert 1994). (Taylor and Hebert 1993) . These results suggest that other invading lineages have been overlooked because of their morphological similarity to resident taxa. Aside from enabling the recognition of past invasions in selected taxa, genetic analyses can serve as the basis for a screening system for detecting future invasions. This screening system would be reliant upon the fact that species identifications can be made by sequencing just a small segment of the genome. One of the most promising targets in this regard is the mitochondrial COI gene. Primers for this gene enable its PCR amplification from most eukaryotes (Folmer et al. 1994 ) and each species ordinarily has a diagnostic array of COI genotypes (P. Hebert, personal observation). Studies are now in progress that are using COI sequences to establish a molecular taxonomy for whole faunal assemblages, like the calanoids of the North Atlantic (Bucklin et al. 1999) . Work on invasion biology would benefit from the development of systems with broader taxonomic coverage for both source and receptor locales. For example, given the importance of the Baltic Sea as a source for invading taxa, the establishment of a monitoring system for the Great Lakes would logically commence with a genetic characterization of the Baltic biota. Subsequent surveys of genetic diversity in the Great Lakes would enable the identification of organisms whose COI profiles matched that of Baltic life, providing prima facie evidence for their diagnosis as invaders. This work would not only provide a comprehensive perspective on the past incidence of invasions, but also the baseline information needed to recognize future invasions, if screening was instituted on a regular basis. The cost for such a program would depend upon analytical protocols, the detection threshold desired, and the number of biotic compartments surveyed, but would not be prohibitive even with current technology. For instance, the analysis of 200 individuals from a specific biological compartment (e.g., cyclopoids, amphipods) would provide a high probability (86.7%) of detecting a novel species assuming a 1% abundance threshold.
Summary
Surveys of genetic diversity have established that the natural exchange of cladoceran crustaceans between Europe and North America has been a rare event except in the polar regions. However, human activities have broken the isolation between temperate zone biota; species interchange is occurring at a rate that is more than four orders of magnitude higher than historic levels. Genetic analyses are also identifying the origins of invaders, an approach that should be valuable in detecting failures in compliance once controls on biological introductions are imposed (Scott 2001) . From an ecological perspective, genetic studies have additionally established that many invasions have gone unrecognized because of the morphological congruence between invaders and resident taxa. The analytical approaches discussed in this paper could, if applied on a broader taxonomic scope, provide important new insights into both the assembly of communities and into species invasions, occurring both naturally and as a consequence of human activities.
